Objective-To evaluate interstitial glycerol as a marker of ischaemia by studying the changes in glycerol in direct relation to changes in regional cerebral metabolic rate of oxygen (CMRO 2 ), the lactate/ pyruvate ratio (LP ratio), and glutamate. Methods-Transorbital 2 hour middle cerebral artery occlusion (MCAO) was performed in eight monkeys, which were studied with continuous microdialysis for 24 hours. Interstitial fluids were collected by microdialysis and analysed for glycerol, lactate, pyruvate, and glutamate with an enzymatic assay and high performance liquid chromatography. Sequential PET studies of cerebral blood flow (CBF), CMRO 2 , oxygen extraction ratio (OER), and cerebral blood volume (CBV) were performed. The microdialysis probe regions were classified as severe ischaemia or penumbra, depending on whether the mean CMRO 2 side to side ratio was below or above 60%, respectively. Results-A nine-fold, sustained increase in glycerol was registered after MCAO in severe ischaemia regions. In penumbra regions, the increase in glycerol was five-fold, but the glycerol concentration returned to baseline within 8 hours of clip removal. The diVerence between severe ischaemia and penumbra glycerol values was statistically significant. As expected from previous studies, the interstitial LP ratio and glutamate increased markedly in severe ischaemia, with a less pronounced change in penumbra regions. There was a time lag between the biochemical changes in severe ischaemia regions, with the LP ratio preceding glutamate, followed by glycerol. Glycerol is an end product of phospholipid breakdown in brain tissue and has been shown to be a promising marker of cell damage in traumatic brain injury in rats, 5 and in patients with subarachnoid haemorrhage. 6 However, the relation between cerebral ischaemia and changes in interstitial glycerol needs further illumination. We have studied the changes in interstitial energy related metabolites and excitatory amino acids as markers of ischaemia, simultaneously with regional PET measurements of cerebral blood flow (CBF), cerebral metabolic rate of oxygen (CMRO 2 ), and oxygen extraction ratio (OER) both in patients and in a recently developed middle cerebral artery occlusion (MCAO)-reperfusion experimental model in primates. [7] [8] [9] The aim of the present study was to further evaluate interstitial glycerol as a marker of ischaemia, focusing on the changes in glycerol in direct relation to changes in regional CMRO 2 , the lactate/ pyruvate ratio (LP ratio), and glutamate.
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Materials and methods

THE MCA OCCLUSION: REPERFUSION MODEL
The study included the same series of monkeys previously reported, eight adult Macaca Mulatta. 9 The study protocol was approved by the ) 108 (17) 100 (18) 104 (21) 96 (14) 88 (14) 84 (11) 96 ( 9 (4) 9 (6) 9 (7) 9 (7) 15 (10) 22 (15) 25 (24) Values are means (SD). B=baseline PET; MCAO=middle cerebral artery occlusion PET; R1 through R8=1, 2, 4, and 8 hours of reperfusion, respectively; F=final examination.
local ethics committee for animal research (permissions c 38/96 and c 37/97). As described in detail in Frykholm et al, 9 anaesthesia was maintained with a continuous infusion of midazolam (0.1 mg/kg/h) and morphine (0.1 mg/kg/h). Atracurium (0.5 mg/kg/h) was used for muscle relaxation. A femoral artery was catheterised for blood pressure monitoring and blood sampling. Arterial blood pressure, electrocardiography, pulse oximetry, end tidal CO 2 , intracranial pressure, and rectal temperature were continuously monitored. A controlled heating mattress was used to maintain normothermia. The monitored physiological variables are shown in table 1.
Two microdialysis probes were inserted stereotaxically into the right hemisphere, within the deep and superficial regions of the MCA territory. 8 After a baseline PET session, a microsurgical transorbital approach was used for MCAO. 10 11 A second PET was performed during MCAO. After 2 hours of MCAO the clip was removed and sequential PET measurements continued during reperfusion.
MICRODIALYSIS
Microdialysis monitoring was started immediately after probe insertion, and continued until the final PET session was completed. The two microdialysis probes (CMA/10, CMA/ Microdialysis, Stockholm, Sweden) had a membrane length of 4 mm and shaft lengths of 50 mm and 20 mm. Artificial CSF (containing 148 mmol/l Na + , 1.2 mmol/l Ca 2+ , 0.9 mmol/l Mg 2+ , 2.7 mmol/l K + , and 155 mmol/l Cl -,) was delivered as perfusion medium by a microinjection pump (CMA/100) at a rate of 2 µl/minute. Samples were collected at 15 minute intervals until 4 hours after reperfusion, and thereafter every hour. Dead space from membrane to collecting vial was 13.6 µl for the deep and 7.6 µl for the superficial probe respectively. Lactate, pyruvate, and glutamate were analysed by high performance liquid chromatography. 12 13 Glycerol was measured by enzymatic fluorometric assay on a CMA/600 analyser (CMA/ Microdialysis; see also Foster et al 14 ) . This assay is a relatively new bedside method which, in our hands, has a total imprecision of 6.0% (coeYcient of variation), and a within run imprecision of 3% at the 15 µmol/l concentration. 6 Microdialysis data were presented as the dialysate concentrations without correction for in vivo probe recovery, because no method for repeated determination of in vivo probe recovery was available. 6 15 16 For the figures, it was not considered necessary to correct the time scale for dead space in the probe and outlet tubing, corresponding to a time lag of 6.8 and 3.8 minutes for the deep and superficial probes, respectively. 2 , and oxygen extraction rate (OER), using the 19 20 A complete PET session was performed at baseline after microdialysis probe insertion, after about 1 hour of MCAO, and repeatedly after clip removal. The final PET session was started after a mean of 18 hours (12-24 hours) of reperfusion.
Figure 2 Microdialysis time profiles in probe regions located in three diVerent types of ischaemic tissue-severe ischaemia (SI) with reperfusion (A), severe ischaemia with no reperfusion (B), and penumbra (C). In each probe, the development of glycerol, the LP ratio, and glutamate changes are shown (see text for explanations).
The precise locations of the microdialysis probes were identified by PET at the end of each experiment, by substituting the microdialysis perfusion medium with radioactive fluorodeoxyglucose (FDG) solution. 8 A circular region of interest (ROI), 1 cm in diameter, was delineated around the identified probe region in the most basal slice showing activity. A corresponding ROI in the contralateral region was delineated so that a side to side ratio between the probe ROI value and the nonaVected side could be calculated for each PET parameter. The ROIs were copied to all PET scans. Microdialysis probes were then classified during MCAO according to the metabolic threshold level of irreversible ischaemia demonstrated previously 9 as severe ischaemia (CMRO 2 <60% of the corresponding contralateral region) or penumbra (CMRO 2 decreased but>60% and OER>125% of the corresponding contralateral region).
STATISTICAL METHODS
The Wilcoxon signed rank test for paired observations was used to compare occlusion and late reperfusion values with baseline. Mean values of 2 hour intervals were used in every non-parametric statistical analysis. For baseline data, the 2 hour interval immediately preceding MCAO was used. For the statistical analysis, mean values of the two probes from each monkey were used, except for the probes from one animal, which were allocated to diVerent groups according to the applied PET definitions. Three probes were excluded due to technical problems. The correlations between glycerol and the LP ratio as well as between glycerol and glutamate were tested using Spearman's r test at MCAO and late in reperfusion. p Values<0.05 were considered to be statistically significant.
Results
Eight probe regions were classified as severe ischaemia on PET; four of these showed characteristic reperfusion when the clip was removed and in the remaining four, no or minimal reperfusion was seen. Five probes were in penumbra regions, all with reperfusion.
In probe regions with severe ischaemia (n=8) there was a nine-fold increase in interstitial glycerol compared with baseline (fig 1) . The maximal values were obtained during the first 4 hours after clip removal; after this the glycerol concentration declined to a plateau value around four times baseline, irrespective of the degree of reperfusion. In penumbra probes (n=5), the maximal increase was about fivefold after MCAO, but in these probes the glycerol concentration returned to normal within 8 hours of reperfusion. For all probes, interstitial glycerol was significantly increased during occlusion compared with baseline (p=0.012).
The slope of glycerol increase was not as steep as that of the LP ratio (fig 2 A and B) . Response time (time to doubling of the baseline value) was more than double for glycerol compared with the LP ratio (table 2) . Another measure of response time-time to first peak-was about three times as long as that for the LP ratio (table 2). The response time of glutamate was rather variable, resulting in a median value between that of the LP ratio and glycerol in severe ischaemia. In the penumbra, the response time was not calculated because the peaks were small and indistinct.
There was a correlation between glycerol and the LP ratio during MCAO (p=0.028) and after 18 hours of reperfusion (p=0.014), reflecting the fact that large increases in the LP ratio were accompanied by parallel high increases in glycerol. Glycerol was also correlated with glutamate at late reperfusion (p=0.023), but not during occlusion (p=0.911).
Graphs of interstitial glycerol, the LP ratio, and glutamate in typical probes located in regions with severe ischaemia with reperfusion, severe ischaemia without significant reperfusion, and penumbra, respectively, are shown in figure 2. Note how in severe ischaemia with reperfusion, glycerol peaked later than both the LP ratio and glutamate, but the increase was more sustained (fig 2 A) . In the probe with no reperfusion, the glycerol pattern was similar, but the LP ratio and glutamate concentrations displayed secondary increases (fig 2 B) . In penumbra regions, all three parameters were slightly increased, and returned to baseline within 8 hours after the clip was removed ( fig  2C) .
Discussion
About one third of neural tissue cell membrane is phospholipid. The degradation of phospholipids to glycerol is schematically illustrated in figure 3 . There is a continuous physiological turnover of phospholipid due partly to the phospholipases acting as eVectors in G protein coupled transmembrane receptor signal processing. Several studies have shown that glycerol concentrations rise during cerebral ischaemia and short periods of reperfusion. 21 22 With the microdialysis technique, more information about cerebral ischaemia and temporal changes in glycerol concentrations can be obtained. To our knowledge, the present study is the first to investigate the temporal changes of interstitial glycerol in direct relation to regional PET measurements of cerebral blood flow and oxygen metabolism during MCAO and subsequent reperfusion.
We have shown that a CMRO 2 level depressed to less than 60% of contralateral values during transient MCAO seems to be a stable indicator of irreversible ischaemic injury. Conversely, regions with CMRO 2 above the threshold of 60% have a potential for survival. 9 The relevance of this threshold level was supported in a study showing characteristic microdialysis profiles for the LP ratio, hypoxanthine, and glutamate in probe regions with CMRO 2 below or above the threshold level. 8 The microdialysis concentrations of energy related metabolites in probe regions classified as severe ischaemia during MCAO were sustained at increased values (suggesting irreversible injury), with secondary increases in probes without reperfusion. By contrast, in penumbra probe regions the microdialysis concentrations normalised during the reperfusion phase. These data support our previous finding that energy related metabolites, particularly the LP ratio, have a high sensitivity and specificity as markers of ischaemia. 7 In the present study, the glycerol concentration in all severe ischaemia probe regions remained steadily increased after the MCAO phase. Interestingly, this was similar in both severe ischaemia groups, regardless of whether there was significant reperfusion or not. Thus glycerol stands out as a particularly reliable marker of irreversible brain damage, also in comparison with the LP ratio and glutamate. This is in accordance with the traumatic brain injury study by Marklund et al, 5 in which a sustained interstitial glycerol increase was found in the shear stress zone of a cortical lesion where irreversible neuronal damage occurs.
Energy failure and intracellular Ca 2+ overload are major triggering events for membrane phospholipid degradation in cerebral ischaemia. 23 Some of the Ca 2+ influx is caused by an opening of NMDA receptor operated ion channels by glutamate, which accumulates in the interstitial compartment as a result of ischaemia. 24 These events lead to phospholipase activation and phospholipid degradation (fig 3) . This series of events seems to fit well with the present results where severe ischaemia produced an increased LP ratio (mitochondrial dysfunction/energy perturbation), followed by a glutamate increase and eventually raised glycerol concentrations. The persisting LP ratio increase past MCAO suggests an ongoing injury process, irrespective of the degree of reperfusion. This may explain the sustained increase in interstitial glycerol after severe ischaemia.
Membrane damage may also be caused by radical oxygen species (ROS), and brain mitochondria may be an important source of ROS production after cerebral ischaemia. 25 However, the mitochondria may also be a target for ROS mediated functional impairment. 26 The role of mitochondrial dysfunction and ROS after cerebral ischaemia was recently reviewed by Fiskum et al. 27 Although the precise mechanisms are still unclear, recent reports have shown that nitrone ROS scavenger treatment improves energy metabolism and mitochondrial function after MCAO in rats, 28 and attenuates lactate and glycerol production after traumatic brain injury. 29 The present results suggest that mitochondrial function is only partly restituted after severe ischaemia, regardless of the degree of reperfusion. Such a functional state favours increased ROS production by the mitochondria. 30 This may partly explain the sustained glycerol increase during the reperfusion phase.
Does the rise in glycerol solely reflect the breakdown of membrane phospholipid? Another potential source of glycerol could be from the glycolytic pathway, which is outlined in figure 4 . In ischaemia, the altered redox state could theoretically divert glycolytic triose phosphate to form glycerol 3-phosphate, oxidizing NADH to NAD + . An accumulation of glycerol 3-phosphate has been shown to occur in ischaemia in a rat model utilising NMR spectroscopy, which supports the hypothesis that the glycolytic pathway could be a significant source of glycerol in ischaemia. 31 However, glycerol 3-phosphate is also an intermediate in the breakdown of membrane phospholipid (fig 3) . In severe ischaemia, the accumulation of glycerol 3-phosphate may simply reflect membrane damage or phospholipid release. We think that a major contribution of glycolysis to glycerol 3-phosphate-and ultimately to glycerol-in this setting is unlikely for two reasons. Firstly, the generation of pyruvate yielding ATP would be favoured, and NAD + is regenerated in the reduction of pyruvate to lactate (fig 4) . Should the larger part of the triose phosphate instead end as glycerol, the NADH/ NAD + redox state would be restituted, but there would be a net loss of ATP. Secondly, in severe ischaemia the supply of glucose is stopped, reflected by concentrations approaching zero in microdialysate samples (data not shown). This makes glucose unlikely as a major source of glycerol, especially in severe ischaemia. Another potential source is diVusion of glycerol from the blood across a disrupted blood-brain barrier. Available data suggest that this process does not make a significant contribution to brain interstitial glycerol concentrations in traumatic brain injury and subarachnoid haemorrhage. 5 6 Finally, is interstitial glycerol a clinically useful marker of ischaemia? It is obvious that glycerol increase was robust and sustained in severely ischaemic tissue. The concentration was nine times that of baseline after occlusion, and four times baseline during the reperfusion plateau. An interesting diVerence between the LP ratio and glycerol is that the glycerol shows a sustained increase in all probes in severely ischaemic regions, regardless of the amount of reperfusion. In the context of neuromonitoring, interstitial glycerol could be a reliable marker of irreversible ischaemia, complementary to the LP ratio and glutamate, which are faster to react, but more transient in nature. Perhaps even more important in this context is that interstitial glycerol also seems to be a sensitive marker of reversible ischaemia in the penumbra (a low relative increase with a return to baseline), and could serve as an early warning sign of impending secondary damage.
Conclusions
Glycerol increased significantly after MCAO. In regions with metabolic signs of irreversible ischaemia, marked, sustained increases were seen. By contrast, the changes in the penumbra were smaller and transient. The study suggests that interstitial glycerol is a sensitive and reliable marker of cell damage in experimental cerebral ischaemia. Further studies are warranted to apply these findings in humans.
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